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ABSTRACT

We use molecular dynamics to determine the mass accommodation coefficient (MAC) of water vapor molecules colliding with a rapidly
moving liquid-vapor interface. This interface mimics those present in collapsing vapor bubbles that are characterized by large interfacial
velocities. We find that at room temperature, the MAC is generally close to unity, and even with interfaces moving at 10 km/s velocity, it has
a large value of 0.79. Using a simplified atomistic fluid model, we explore the consequences of vapor molecule interfacial collision rules on

pressure, temperature, and density of a vapor subjected to an incoming high-velocity liquid-vapor interface.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5091724

|. BACKGROUND AND INTRODUCTION

Mass accommodation coefficient (MAC) is a key parameter
determining mass flow at the liquid-vapor interface and the rate
of the heat exchange due to evaporation/condensation processes.
Fundamentally, MAC is defined as the fraction of vapor molecules
that upon collision with the liquid are “adsorbed (accommodated)”
rather than reflected (not accommodated). MAC provides micro-
scopic bases for the kinetic theory of evaporation. In particular,
kinetic theory of gases as well as thermodynamic considerations
lead to a description of the net evaporative molecular flux at the
evaporating liquid-vapor interface given by the Hertz-Knudsen'

relation
1 Peq(Tr) p, )
]m = O¢ —0¢ > (1)
\/2mmkp ( VT VTy

where 0. (evaporation coefficient) and o (condensation coefficient)
are kinetic factors which were introduced as separate coefficients to
achieve better description of experimental observations.” The dif-
ference in the saturated vapor pressure at the liquid temperature,
Peq(TL), and the vapor pressure Py is the thermodynamic driving
force for condensation or evaporation. o is also known as the mass
accommodation coefficient («) and is often assumed to be equal to

the ge,”” as they have to be equal to each other in equilibrium.
is used as a fitting parameter in the analysis of experimental data
due to the difficulty in accurate determination of this coefficient, as
well as thermodynamic conditions at the interfaces.” Knowledge of
the molecular flux can be used to evaluate the thermal energy flux
by multiplying Jm by the molecular enthalpy of evaporation. Also,
Eq. (1) shows that in systems not far away from equilibrium, the local
vapor pressure near the liquid-vapor interface is essentially equal
to the saturation pressure—such an assumption is made for initial
stages of the collapsing vapor bubbles.

In the Hertz-Knudsen treatment of evaporation, the molecular
velocity distribution in the vapor near an interface is assumed to be
unaffected by the evaporation flux. Schrage’s analysis" showed that
the drift velocity of molecules in the vapor near the interface has the
effect of increasing the effective evaporation coefficient (equal to the
effective condensation coefficient), and it introduced an additional
factor of

2

in the Hertz-Knudsen relation in the limit of small driving forces.
In the limit of perfect mass accommodation, i.e., « = 1, Schrage’s
derivation yields # = 2. Our molecular dynamics simulation results
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on a steady state evaporation-condensation system indicate that
Hertz-Knudsen-Schrage equation describes the observed flux very
well in the limit of small driving forces and that exact Schrage
analysis is accurate over a wide range of conditions.”

Despite these long-term efforts, quantification of MAC remains
challenging experimentally. For example, analysis of experiments
of droplet condensation yielded a wide range of a from 0.04 to
1.00.” Some prior studies of a have focused on evaporation of lig-
uid confined in micro-capillaries where other limitations on mass
transport can be minimized.* " Also, Lee et al. studied transport of
water through hydrophobic nanopores and found a condensation
probability on the order of 0.3."* Accurate modeling of such experi-
ments, however, is challenging because of the curvature of the liquid
interface and its relatively complex geometry.

From the modeling side, in molecular dynamics (MD) sim-
ulations where MAC is determined directly from observations of
trajectories of atoms/molecules impacting the liquid from the vapor
phase, the mass accommodation coefficients for water and model
Lennard-Jones (L]) fluids are consistently close to unity.“ ' This
finding is in stark contradiction with values of MAC <« 1 that have
been invoked to explain specific experiments. A large range of MAC
deduced from experiments can be due to several factors, such as
experimental measurement accuracy, the influence of extrinsic con-
ditions, and the fact that the actual measurements are not directly
of MAC but of phenomena affected by MAC, such as the rate
of growth of droplets embedded in supersaturated vapor. Another
uncertainty is the estimation of the vapor and liquid tempera-
ture/pressure conditions near the interface that is very challenging
experimentally.

The situation is even more challenging in the case of collaps-
ing vapor bubbles where the system is highly dynamic and can be
far away from equilibrium. In the case of cavitation dynamics, vapor
bubbles, generated by, e.g., sonication, collapse and generate a high
temperature and pressure environment often leading to the gener-
ation of light."” One of the key aspects in predicting the temper-
ature/pressure condition during the droplet collapse is the MAC.
In many models, it is assumed that up to some critical radius (or
velocity that can reach values of several km/s) of the liquid-vapor
interfaces of the collapsing bubble, the vapor is in local equilib-
rium with the liquid and the pressure does not increase, as the
vapor simply condenses on the liquid. At higher velocities, it is
assumed that the condensation rate is insufficient to maintain local
equilibrium and the collapsing bubble compresses the vapor.'*"”
In applications such as spray cooling, microdroplets of coolants
impinge on a heated surface and form a thin liquid film, which
then evaporates and removes heat efficiently from the material.”"”’
Although the velocity of impingement is not km/s’"*” in these appli-
cations, there could be some deviation in the MACs as compared
to stationary interfaces for other coolants. Lin and Ponnappan”
showed that the presence of non-condensable gases in spray cool-
ing chambers alters the thermal performance of the system. Thus,
variation in MAC with the speed of moving interface could poten-
tially affect the spray characteristics and consequently the cooling
process.

To explore the molecular origin of these assumptions and
to quantify the potential transition from accommodating to non-
accommodating vapor, we will perform MD simulations allowing
for determination of the mass accommodation coefficient directly
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from the molecular trajectories and investigate its dependence on
the liquid-vapor interface velocity.

The rest of this article is organized as follows: In Sec. 11, we will
describe molecular dynamics simulations of MAC as a function of
the velocity of the liquid-vapor interface for an atomic-level model
of water. In Sec. I1I, we will present the effects of parameters and
collision rules determined in water simulations on the pressure, tem-
perature, and density of vapor subjected to a high-velocity liquid-
vapor interface. Finally, we will present a summary and conclusions
in Sec. IV.

Il. MOLECULAR DYNAMICS SIMULATIONS OF WATER
MASS ACCOMMODATION

To determine MAC at the liquid-vapor interface, we use molec-
ular dynamics simulations where we can monitor individual vapor
molecule—liquid water collision events. Such simulations allow for
a direct determination of MAC from its microscopic definition and
enable us to gain deeper insight into the collision process. Further-
more, information and parameters obtained in these simulations
will be used in simplified model studies on the high-velocity lig-
uid sweeping its own vapor, which is relevant to the phenomenon
of collapsing vapor bubbles (see Sec. ITI).

A. Model and simulation method

The TIP4P-Ew water model** was used in the present simula-
tions. This model of molecular water is capable of good representa-
tion of the liquid and vapor phases and their coexistence. It has been
used to reproduce surface tension over a wide range of temperatures,
with the boiling point and critical temperature being within ~5%
of the experimental values,”” and was successfully used to simulate
water liquid/vapor systems at patterned gold surfaces.”® To achieve
computational efficiency, Coulombic interactions were calculated
using the particle-particle particle-mesh (PPPM) method’” and the
intramolecular bonds were constrained using the SHAKE algo-
rithm.”” The MD simulations were performed using the LAMMPS
package” with a time step of 1 fs which was proved to be sufficient
to simulate the motion of water molecules.

The initial configuration consisted of a liquid slab with a thick-
ness of about 30 A in the center of the simulation cell and the vac-
uum space at both sides of the slab. The snapshot of one half of
a simulation cell is shown in Fig. 1. The vacuum-liquid interfaces
were perpendicular to the z-direction, and the periodic boundary
conditions were used in all directions. The linear dimension of the
simulation cell in the z-direction was fixed at 124 A, while to assess
possible fine size effects, we varied the linear dimension L parallel
to the interface from 15 to 155 A, resulting in 250-25 000 water
molecules in the liquid slab.

The system was first equilibrated at 300 K for 50 ps at a constant
volume and temperature (NVT ensemble) using a Nose-Hoover
thermostat. In the next step, one by one, individual vapor phase
water molecules were injected into the system at 10 ps intervals
and destined to collide alternatively with the top and the bottom
liquid-vapor interfaces. The insertions were done at a distance of
15 A from the liquid-vapor interfaces at random x and y coordi-
nates. The velocities of the incident molecules were selected from the
half Maxwell-Boltzmann velocity distribution at 300 K, where the z
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FIG. 1. Schematic figure illustrating the top half of the simulation system. The
vacuum-liquid interface is perpendicular to the z-direction. Vapor phase water
molecules are injected 15 A above the liquid-vapor interface with a velocity
selected from the Maxwell distribution with an additional normal to interface
velocity mimicking the process of a collapsing water vapor bubble.

component of the velocity was always pointing to the interface.”’
Furthermore, a normal-to-the-interface velocity component, V44,
was added to the thermal velocity to mimic a high velocity collapsing
vapor bubble.

Ten incident molecules were generated in a single simulation
run, and we performed 300 independent simulation runs for each
value of v,qq (ranging from 0 to 10 km/s) and each system size to
assure good statistics and to assess the statistical errors. The injected
molecules were not subject to the thermostat action, or temperature
calculations to avoid the effects of their high kinetic energy, while
the liquid slab molecules were continuously thermostated to mimic
thermal coupling with a large liquid reservoir.

We determined MAC simply by counting the fraction of
incident gas phase water molecules that were accommodated by
the liquid. The count was done automatically by monitoring
ejected/reflected molecules passing the virtual planes at a distance of
35 A from the liquid-vapor interface. The leaving time and positions
of the molecules departing from the interface were calculated and
compared to the injected molecules to distinguish the ejection and
evaporation events. In several cases, we performed count of ejection
events by visual inspection of molecular trajectories to verify that our
automatic count procedure is accurate.

It is well known that the liquid-vapor interface exhibits ther-
modynamic fluctuations with temperature and lateral size depen-
dent interfacial width. This might affect the value of the MAC.
Therefore, we simulated systems with a range of lateral sizes and
obtained the density profiles as shown in Fig. 2(a). Using such
profiles determined, the width, w, of the liquid-vapor interface
w was from the fitting parameters for the hyperbolic tangent

function
p= %[tanh(z;}zo)+l], (3)

where p is the density, pp is bulk liquid density, z is the coordinate
along normal to the interface direction, and zy is the location of the
interface.

The analysis of the interfacial fluctuations suggests a log-
arithmic increase in the interfacial width w with increasing lateral
dimension L. Indeed, as shown in Fig. 2(b), the interfaces simu-
lated by us exhibit such a scaling. In the context of the MAC deter-
mination, we note that the interfacial width, even for the largest
system size studied, is of the order of 2 A, which is much smaller
than other relevant dimensions, such as potions of the plane where
vapor molecules are injected, or a plane where ejected molecules are
identified.

30,31

B. Results and discussion

In the majority of the collision events, when the incident water
molecule reached the liquid surface, it was accommodated. Another
outcome was the reflection of the incoming molecule, sometimes
accompanied with an ejection of other molecules. For the purpose
of simplicity, we will call all not fully accommodating events as ejec-
tion events. Using this terminology, the ejected molecules can be
either the reflected incident molecules or other molecules ejected
from the liquid due to the collision. There may be more than one
ejected molecule in a collision event, leading to a number of ejected
molecules larger than the number of ejection events. However, in the
vast majority of the cases, there was either none or only one ejected
molecule.

All MACs were evaluated at 300 K at several values of the
Vadd- The resulting MAC as a function of interfacial lateral size,
L, is shown in Fig. 3(a). When V,44 = 0, we determine the mass
accommodation coefficient to be about 0.99, i.e., essentially unity,
and essentially independent from L. Such a value is consistent with

LO0F@ : ' ] ®
-
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2 2
Q sl /,/
-
0.0 . L . 1 .
30 15 0 15 30 4 5
z(A) In(L/A)

FIG. 2. (a) Density profile of the equilibrated liquid water slab along the z direction.
(b) The logarithmic finite-size dependence of the interfacial width w on the lateral
dimension L of the interface. Red squares are the data points, and the dashed line
is a linear fitting curve.
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FIG. 3. (a) The mass accommodation coefficient of water at 300 K as a function
of the lateral dimension of the interface with different macroscopic liquid-vapor
interface velocity vaqq. (b) The mass accommodation coefficient of water at 300 K
as a function of vagg hen L = 155 A.

previous MD studies of water at room temperature using the TIP4P-
Ew water model,'® the SPC/E water model'*'* and the POL3 water
model.”

With increasing V,44, MAC gradually decreases. Interestingly
for V,d4qa = 8 and 10 km/s, the value of MAC first decreases signif-
icantly with increasing system size; however, it appears so saturate
for larger system sizes. It is also interesting that even for the highest
velocity of and at V,4q4 = 10 km/s, the value of the MAC is still very
high and equal to about 0.80 [see Fig. 3(b)]. For this high V44, the
associated kinetic energy is about 200 times larger than the average
thermal kinetic energy at 300 K and 20 times larger than the water
heat of vaporization. This result indicates that the assumptions made
about the lack of accommodation at high collapse velocities in con-
tinuum modeling of collapsing vapor bubbles cannot be justified by
the intrinsic water liquid-vapor interfacial properties.

To get deeper insight into the collision process, particularly,
involving ejection events, we analyzed the velocities of all ejected
molecules in the case of V,qq = 10 km/s. The data on velocity dis-
tributions, based on statistics obtained from a total of about 400
ejection events, are presented in Fig. 3. As demonstrated in Figs. 4(a)
and 4(c), velocity components parallel to the liquid-vapor inter-
face and speed distributions can be well fitted to the Maxwell-
Boltzmann distribution at a single temperature of 3300 K. We also
plotted the normal to the interface velocity distribution—along with
% of the Boltzmann distribution (at 3300 K), as in this case, all
ejected atoms move in one direction away from the interface. The
fit is good at a large velocity range, but it deviates from the data
in the small velocity range. We do not know what the origin of
these relatively good fits is. These good fits are particularly puz-
zling since the ejection events represent highly non-equilibrium pro-
cess, while the Maxwell-Boltzmann distribution is an equilibrium
characteristic.

The temperature of 3300 K corresponds to the average thermal
velocity of about 2.15 km/s. Considering that the impact velocity was
~10 km/s, we estimate that at these conditions, in case of the ejection
event, about 4.5% of the kinetic energy of the incoming molecules is
converted into the kinetic energy of the ejected molecules, while the
remaining energy is “accommodated” by the liquid. Of course, dur-
ing accommodation events, all incoming energy is accommodated.

These observations are not limited to the V,q = 10 km/s
case. According to Fig. 5, the average kinetic energy of ejected
molecules increases linearly as a function of kinetic energy of
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FIG. 4. The distributions of the velocity components and speed of ejected
molecules for V449 = 10 km/s. The black squares are data, and the dashed lines
represent the Maxwell-Boltzmann distributions at 3300 K.

incoming molecules. The slope of the linear fit is ~0.04, and the ver-
tical axis intercept (at Voqq = 0) is about 0.5 (km/ s)*. The square root
of the intercept is equal to 700 m/s which is close to the root mean
square speed of water at T = 300 K, which has a value of 644 m/s.
The understanding of the value of the slope is not that straight-
forward, as the slope represents the kinetic energy fraction of the
incoming molecules converted into the kinetic energy of the ejected
molecules. This fraction represents a result of a complex process of
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FIG. 5. Relation between the mean square speeds of ejected molecules and the
square of V,q44. The dashed line is the fitting line with a slope of 0.04. The intercept
with the vertical axis is 0.5 (km/s)?.
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molecular collisions with a liquid, i.e., viscoelastic medium with
molecular structure.

However, the slope in Fig. 5 can be related to the transla-
tion thermal (or energy) accommodation coefficient (TAC) of water
vapor molecules on liquid water surfaces. TAC is defined as™

= )

E,-E
where E;i and E; are the kinetic energy of incident and
reflected/ejected molecules and E; is the average energy of molecules
in thermal equilibrium with the liquid surface. Since in our simu-
lations E; is typically much greater than Es, TAC is approximately
equal to 1 — E./E;. According to Fig. 5, E/E; = 0.04, thus TAC is
approximately equal to 0.96. This is only semi-quantitative analy-
sis as the evaluation of TAC should also account for molecules that
are “mass accommodated” to the liquid, while data in Fig. 5 only
account for the kinetic energy of molecules that are not accommo-
dated. Furthermore, within the scope of this paper, we only con-
sider translational kinetic energy and associated TAC, while there is
also rotational TAC characterizing rotational kinetic energy trans-
fer. Nevertheless, the large, close to unity, value of TAC is consistent
with observations of large TAC when gas molecules collide with soft
surfaces.”

I1l. MOLECULAR SIMULATIONS OF THE VAPOR
SUBJECTED TO A RAPIDLY MOVING LIQUID
VAPOR INTERFACE

As we discussed in the Introduction, a key motivation of our
work was to relate to the studies of vapor bubbles collapsing at high
velocities (~several km/s). We envision that the results presented
above can be used in the continuum-scale modeling of the process
that can be directly connected to the experimental time and length
scales. To illustrate the effect of the MAC on the vapor inside the
collapsing bubble, we performed a set of molecular dynamics sim-
ulations on a simplified vapor model. In these simulations, the lig-
uid is mimicked by an imaginary moving interface with which the
vapor molecules collide according to the rules determined by the
explicit water model simulations described in Sec. II. The vapor is
represented by monoatomic gas. Furthermore, we make additional
simplifying assumptions, such as constant temperature of the lig-
uid at the liquid-vapor interface. Consequently, this model should
be considered as a kinetic collision solver for a general problem of
rapidly moving liquid-vapor interface, rather than a model of water
liquid-vapor moving interface.

A. Model and simulation methodology

The snapshot of the simulation cell is shown in the top panel
of Fig. 6. The simulation cell has a cross section of 5 nm x 5 nm
and a length (along the z direction) of 200 nm. Periodic boundary
conditions are applied in the x and y directions. On the right-hand
edge of the cell, a fixed, impermeable wall was introduced, which
had repulsive harmonic interactions with the vapor atoms. Initially,
an analogous wall was placed on the left-hand edge of the simulation
cell.

In this simplified model, molecules were represented by atoms
interacting through Lennard-Jones (L]) potentials with parameters
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representing argon.” We used a shifted force L] potential with an
interaction cutoff radius of 3.82 A to consider only repulsive inter-
actions and avoid any possibility of phase change. Consequently,
atoms in our model represent soft repulsive spheres. The simula-
tion cell contained a total of 2000 atoms and was first equilibrated
at 300 K for 10 ps using the Nose Hoover thermostat with a simula-
tion time step of 1 fs. Under these conditions, the resulting pressure
was about 17 atm. The use of this relatively large pressure was moti-
vated by our desire to have the simulation cell length significantly
larger than the molecular collision mean free path. Under such con-
ditions, a connection with macroscopic description of the system can
be made. We estimated the mean free path to be about 5 nm, mak-
ing the initial length of the simulation cell approximately 20 times
larger.

After equilibration, the left-side wall was used to mimic the
moving liquid vapor interface. We accounted for processes simul-
taneously occurring at this interface: (i) equilibrium evaporation of
liquid at 300 K, (ii) ejection due to vapor molecules collisions with
the liquid, and (iii) accommodation of the vapor molecules colliding
with the liquid.

The evaporation rate was evaluated by calculating the rate of
incoming vapor molecules in equilibrium (stationary wall). Since,
for water at 300 K, the MAC is essentially equal to unity, the rate of
incoming vapor molecules should be equal to the rate of evaporating
atoms to maintain equilibrium. In the simulations with the mov-
ing wall representing the liquid-vapor interface, to model evapora-
tion, we inserted molecules at the fixed equilibrium rate calculated
for the stationary wall with velocities sampled from the Maxwell-
Boltzmann velocity distribution at 300 K and added the moving wall
velocity, Vaq4, to the z component of these velocities.

To explore the role of assumptions made about the value of
the MAC, we considered 3 cases represented by a corresponding
collision rule. (a) Full accommodation (MAC = 1): atoms were elim-
inated from the simulation cell upon collision with the wall. (b) No
accommodation (MAC = 0): atoms were re-injected to the simula-
tion cell with a random velocity taken form the Maxwell-Boltzmann
distribution at T = 3300 K (see Sec. IT) plus V,4q4 in the z direction. (c)
Partial accommodation (MAC = 0.80): this corresponds to the values
obtained from explicit simulations of water for V44 = 10 km/s (see
Sec. IT). Here with a probability of 80%, atoms were eliminated from
the simulation cell upon collision with the moving wall, and with
20% probability, they followed non-accommodation rules described
in (b). In all simulated cases, the moving wall velocity was V.44
= 10 km/s, and 5 independent runs were performed for each of
(a)-(c) cases.

B. Results and discussion

Figure 6 shows variations in number density, temperature, and
pressure as a function of time when the left-side wall moves with a
high velocity of 10 km/s. When MAC = 0, the wall mimics an impen-
etrable piston. In this case, the density, pressure, and temperature
increase at the fastest rate; as upon collision, the vapor atoms are
always injected back into the vapor phase with high velocities. The
other extreme case, MAC = 1, characterizes a surface which absorbs
every atom that crosses it. In this case, there is a slight increase in
temperature associated with high velocity of the evaporated atoms.
As the temperature in the vapor increases, the rate of atoms colliding
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FIG. 6. Top panel: Snapshot of atomic positions of vapor atoms subjected to
10 km/s “piston” mimicking a moving liquid-vapor interface. (a) The number den-
sity, (b) temperature, and (c) pressure of the vapor as a function of time. Dashed-
dotted line: non-accommodating interface (MAC = 0); solid line: interface with
MAC = 0.87; dashed line: fully accommodating interface (MAC = 1).

with the moving wall also increases, and thus, the number density
decreases since we use a constant evaporation rate obtained from
equilibrium simulations at 300 K.

The case of MAC = 0.80 corresponds to the value obtained for
molecular water at a liquid-vapor interface moving with 10 km/s
velocity. This scenario corresponds to a high-velocity collaps-
ing vapor bubble, with the bubble containing only water vapor
molecules (i.e., no other gases). Although 20% of the atoms are not
accommodated, the density buildup is not very significant and much
smaller than that characterizing a non-accommodating wall. The
pressure and temperature increase significantly here due the high
velocity injected atoms; however, the corresponding increases are far
smaller than in the case of a non-accommodating wall.

While the simulation model and conditions described in this
section are highly simplified, the actual collapse of the vapor bub-
ble, the dramatic differences between the MAC = 0.80 case, and the
non-accommodating case suggests that the assumptions about the
lack of vapor accommodation beyond some critical collapsing bub-
ble radius (or velocity) cannot be attributed to intrinsic properties
of pure water liquid-vapor interfaces. We might speculate that in
the case of real collapsing bubbles, impurities, such as non-soluble
organic molecules, accumulate at the liquid-vapor interfaces. With
a sufficiently large surface density of such impurities, water vapor
accommodation can be suppressed. Further complexity of the real
bubble collapse comes from the presence of non-condensable gases,
such as oxygen and nitrogen, which will inevitably affect the pres-
sure and temperature density variations. Furthermore, during the
actual collapse, the liquid near the interface becomes warmer and
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shock waves can be present. All these effects are not accounted for
our model.

IV. SUMMARY AND CONCLUSIONS

We used molecular dynamics simulation to determine MAC
as a function of the velocity of the liquid-vapor interface for the
atomic-level model of water. We found that even at very high inter-
facial velocity, over an order of magnitude higher than average ther-
mal molecular velocity, MAC is only moderately smaller than unity.
Analysis of those molecules that get reflected or ejected from the
interface indicates that a high fraction of impact energy is adsorbed
during the collision process.

Using the parameters and collision rules determined in water
simulations, we performed atomistic simulations of a simple vapor
model and determined pressure, temperature, and density buildup
at the front of the high-velocity, liquid-vapor interface. Interestingly,
due to a high MAC, there is almost no density buildup, which con-
trasts with the situation where MAC is small. There is a temperature
and pressure buildup due to the injection of high-kinetic energy
molecules to the vapor.

Our results have implications for continuum-level modeling of
collapsing vapor bubbles. In such continuum models, an assump-
tion is made that during the collapse, the interface is accommodating
(or near local thermodynamic equilibrium) and later becomes non-
accommodating. The fact that our simulations show a high degree
of accommodation even for very high-velocity interfaces suggests
that the transition from an accommodating to non-accommodating
liquid-vapor interface is not an intrinsic property of pure water. We
speculate that the origin of this transition is associated with impuri-
ties, such as non-soluble molecules that accumulate at the interface
and at a vapor bubble radius small enough to accommodate them,
which would provide high interfacial coverage, thus obstructing
water condensation-evaporation processes.
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